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Abstract
Steroids metabolism plays an important role in mammals and contributes to quality of pig meat. The main objective of this
study was to identify metabolites of androstenone, 17b-estradiol and dihydrotestosterone using primary cultured pig
hepatocytes as a model system. The role of 3b-hydroxysteroid dehydrogenase (3bHSD) in regulation of steroid metabolism
was also validated using trilostane, a specific 3bHSD inhibitor. Steroid glucuronide conjugated metabolites were detected
by liquid chromatography time of flight mass spectrometry (LC-TOF-MS). 3bHSD enzyme was essential for metabolism of
androstenone to 5a-androst-16-en-3b-ol, which then formed androstenone glucuronide conjugate. Metabolism of 17b-
estradiol was accompanied by formation of glucuronide-conjugated estrone and glucuronide-conjugated estradiol. The
ratio of the two metabolites was around 5:1. 3bHSD enzyme was not involved in 17b-estradiol metabolism. 5a-
Dihydrotestosterone-17b-glucuronide was identified as a dihydrotestosterone metabolite, and this metabolism was related
to 3bHSD enzyme activity as demonstrated by inhibition study.
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Introduction
Steroid hormones are essential for a range of physiological
processes in mammals. They act as body chemical messengers,
and play critical role in organism development and maturation
[1]. Steroids also play an important role in regulation of pig
metabolism and pig meat quality. Androgen metabolism results in
production of a group of non-hormonal androstanes, which act as
pheromones and influence physiology or behavior of mammals
[4]. Accumulation of one of the androstanes, 5a-androst-16-ene-3-
one (androstenone) in adipose tissue of entire male pigs is
associated with a pork quality defect, boar taint, which is
unpleasant ‘urine-like’ odour [5]. Other compounds contributing
to boar taint are skatole and indole which are formed during
tryptophan metabolism [2]. Boar taint can be prevented by
surgical castration which reduces the level of steroids, including
androstenone [6]. However, due to the EU initiative to ban
surgical castration by 2018, boar taint becomes an increasing issue
for international pig meat industry and introduces the challenge of
reduction of androstenone level by the means other than
castrations [7]. Decreasing androstenone level in pork can be
achieved either via reduction of the rate of androstenone
biosynthesis, or via enhancing the rate of androstenone metabo-
lism [8]. It has been reported that enzymes of hydroxysteroid
dehydrogenase family (HSDs), namely 3bHSDs and 17bHSDs,
play the central role in steroid metabolism [9]. Data of the
literature showed that porcine 3bHSD enzyme catalyzes the
conversion of androstenone to its hydroxyl form in pig liver [10].
Testosterone is the main active androgen. It can be either
irreversibly converted to estrogens by aromatase, or can be
transformed to other active form such as dihydrotestosterone [9].
Testosterone metabolism in pig hepatocytes has been studied
previously and it was established that 4-androstene-3,17-dione was
its main metabolite [13]. 17b-Estradiol and dihydrotestosterone
are also known as bioactive steroids of the endocrine systems. 17b-
Estradiol directly influences reproduction of sows and indirectly
influences off-springs development in terms of body weight and
composition [3]. Biological role of dihydrotestosterone in pigs has
not been extensively studied and has not been fully understood. To
the best of our knowledge, relationship between 3bHSD and 17b-
estradiol and dihydrotestosterone metabolism has not been
investigated.
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One of the issues with investigation of steroids metabolism is a
lack of appropriate analytical methods which would allow to
differentiate steroids from their metabolites. Physiological concen-
trations of steroid metabolites are very low and their structure is
very similar to the structures of corresponding steroids [10,11].
During the last decade, liquid chromatography mass spectrometry
with electrospray ionization (ESI) has been receiving increasing
attention in relation to its application to steroids profile analysis
[12]. Mass spectrometry with the time of flight mass analyzer
(TOF) is another promising technology for identification of steroid
metabolites because of its high resolution, high accuracy in mass
detection, and a wide range of m/z scan.
Aims of this study were to use time of flight mass spectrometry
coupled with liquid chromatography (LC-TOF-MS) in order to (i)
characterize products of androstenone, 17b-estradiol and dihy-
drotestosterone metabolism, and (ii) investigate the role of 3bHSD
enzyme in metabolism of androstenone, 17b-estradiol and




Androstenone, 17b-estradiol, dihydrotestosterone, b-estradiol
17-(b-D-glucuronide) sodium salt, b-glucuronidase from bovine
liver (type B-1), 3a-androstenol, 3b-androstenol, apigenin, and
trilostane were from Sigma-Aldrich (Shanghai, China). Stock
solutions of the steroids were prepared in methanol at concentra-
tions of 1 g/L. Working solutions of steroids were prepared by
diluting the stock solutions in methanol. All other reagents and
solvents (HPLC grade) were purchased from Fisher Scientific
(service in Beijing, China). Cell culture media and other cell
culture reagents were purchased from Hyclone (Beijing, China).
Isolation of primary hepatocytes and treatments with
steroids
Primary pig hepatocytes were isolated from Large White male
pigs (3–5 days old) using procedure described by Chen et al. [13].
The experimental protocol for using animals was approved by the
Animal Ethics Committee of the China Agricultural University,
Beijing, China (permission number: 2011-11-23-1). Cell viability
was assessed by 0.2% trypan blue exclusion and was greater than
90% in all the cases. Approximately 56106 cells were plated into
10 cm Petri dishes with 10 ml of Dulbecco modified Eagle’s
medium (DMEM) containing 20% fetal bovine serum (FBS)
supplemented with insulin (10 mg/L), penicillin (100 U/mL) and
streptomycin (100 mg/mL). Hepatocytes were incubated for 24 h
in a humidified atmosphere at 37uC with 5% of CO2.
After the incubation, the primary pig hepatocytes were washed
three times with phosphate buffer saline solution (PBS) before they
were treated with steroids and/or inhibitors. In steroid metabolism
studies, hepatocytes were incubated in 10 ml of basal growth
medium containing phenol red-free DMEM with 10% of charcoal
treated FBS fortified with 10 mM (final concentration) of
androstenone, 17b-estradiol or dihydrotestosterone. In the inhibi-
tion experiments, 10 mM (final concentration) of trilostane or
apigenin, the specific inhibitors of 3bHSD and 17bHSD
respectively, were added to hepatocytes simultaneously with
androstenone, 17b-estradiol or dihydrotestosterone. Solutions of
both, the inhibitors and steroids, were prepared in methanol.
Concentration of methanol in the cell culture medium was always
less than 1%, and it did not have any effect on hepatocyte
metabolism. The concentration choice was based on results of
cytotoxicity test. In the cytotoxicity text, the steroids were
incubated with different concentrations of inhibitors (1, 10, 25
and 50 mM) for 48 h. The cell viability was analyzed using
CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madi-
son, WI) reagent following manufacture’s protocol. The cell
culture medium was collected at the following time points: 0, 6, 12,
18, 24, 30, 36, 42 and 48 h after adding steroids and/or inhibitors,
and was stored at 280uC until metabolites analysis. Cells treated
with basal growth medium were used as control. The experiments
were repeated in three different days. Experiments on each of the
three days were conducted in triplicate.
Steroid metabolites extraction
Extraction procedure for steroid metabolites was as follows: two
mL of cell culture medium was taken in duplicate from each
hepatocytes incubation and split into two samples, 1 mL per
sample. One sample was treated with 0.1 mL of 30% trichlor-
oacetic acid (TCA) to precipitate protein. The protein precipita-
tion procedure was optimized by analyzing protein residues using
HPLC at ultraviolet wavelength (240 nm). Another sample was
pre-treated with b-glucuronidase prior to protein precipitation.
The pre-treatment involved incubation with 2 mL of PBS buffer
(pH=5.0) in the presence of b-glucuronidase (2.08 mkat) for 16 h
at 37uC. The samples were centrifuged at 17226 g for 10 min. All
of the supernatants were collected and loaded onto a SPE
cartridge (Bond Elut-C18, 500 mg/3 mL, Agilent, Lake Forest,
CA, USA) preconditioned with 3 mL of methanol and water. The
cartridges were washed with 3 mL of water and 3 mL 5% of
methanol and then vacuum dried. The analytes were eluted with
9 mL of acetonitrile (ACN). The elutants were evaporated under
nitrogen and reconstituted with 400 mL of 62.5% methanol.
Solvents were passed through 0.22 mm filter paper (Jinteng
company, Tianjin, China), and then transferred to inserts for
analysis. The recoveries were determined by analyzing spiked
samples in a basal medium. The recoveries for androstenone, 17b-
estradiol and dihydrotestosterone were in a range of 60–95%.
Mass spectrometry analysis
Steroid metabolites were analyzed by LC-TOF-MS (QSTAR
Elite, AB Sciex, ON, Canada) equipped with an electrospray ion
source (TurboIonSpray) and controlled by Analyst QS 2.0
software. ESI source was run on both, a positive and negative
mode. Spectrometry parameters were as follows: ion source GS1
and GS2 were 0.41 and 0.34 MPa, respectively. Curtain gas was
0.14 MPa. Collision gas was 0.04 MPa. All the gases were supplied
with nitrogen (purity$99.995%). IonSpray voltage was 5500 V
(ESI+) and 24200 V (ESI–). Ion source temperature was 500uC.
Declustering Potential (DP) was 60 V (ESI+) and 260 V (ESI–).
The Q1 mass monitoring was conducted using a scan mode in the
range from 200 to 600 m/z. Mass intensity above 100 counts was
set for acquiring product ions on TOF analyzer. An information
dependent acquisition (IDA) method was set to optimize data
acquisition.
Chromatographic separation was conducted using HPLC
coupled to mass spectrometry (1200 SL, Agilent Technologies,
USA) equipped with a binary pump, vacuum solvent degasser,
column oven and autosampler (Agilent Technologies, Waldbronn,
Germany). The column used was Zorbax Eclipse Plus C18
(2.16100 mm, 3.5 mm) with a guard column (2.1612.5 mm,
5 mm) (Agilent Technologies, USA). For the ESI+ mode, the
mobile phase was 0.1% formic acid in water (A) and methanol (B).
For the ESI– mode, the mobile phase was 0.1% ammonium in
water (A) and methanol (B). The linear gradient used was as
follows: 50% to 95% solvent B at 0–5 min; 95% solvent at 9 min,
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50% solvent B at 9.1 and 15 min. The flow rate was 300 mL/min,
and the sample injection volume was 20 mL.
Statistical analysis
Data were analyzed by the Statistical Analysis System, version
9.0 (SAS Institute, Cary, NC, USA). Anova procedure was used to
evaluate the group differences, and the means of groups were
compared by Duncan’s multiple comparison. P,0.05 was
regarded as statistically significant.
Results
Cytotoxicity study
The results of cell viability incubated at different concentration
of steroids and HSD inhibitors were given in Table 1. The cell
survival rate of 80% was regarded as a threshold for evaluating the
chemicals with or without toxicological effect. It can be seen that
steroids and inhibitors at 10 mM have cell viability higher than
80%, and therefore was chosen for further experiment.
Androstenone metabolism
Figure 1A presents data on abundance of androstenone
precursor ion (m/z+=273.2198) in the incubation medium before
cell culturing. A time-course of androstenone metabolism showed
that androstenone was non-detectable in the cell culture medium
after 24 h of incubation (Figure 1B). LC-TOF-MS analysis of
androstenone metabolites in ESI+ ionization mode identified a
metabolite ion (m/z+=257.2245), which corresponds to a
precursor ion of androstenone without a 3-keto group (Figure 1C).
Analysis of androstenone metabolite in ESI– ionization mode
demonstrated the presence of another ion with m/z2=449.2424
(Figure 1D). A molecular formula of this ion was determined using
MetID software. The analysis demonstrated that this ion
corresponds to a glucuronide-conjugated androstenone (A–G).
Further investigation was conducted to determine association
between the results obtained with the two different ionization
approaches. The fraction of m/z+=257.2245 from post-HPLC
column was collected and analyzed in ESI– mode. The results
demonstrated a sole mass spectrometric peak of m/z2
=449.2424, with the retention time corresponding to the peak
of androstenone metabolite in the cultured medium samples
analyzed in ESI– mode. These experiments confirmed that the ion
m/z+=257.2245 is the glucuronide-conjugated androstenone
which lost glucuronide structure (C6H8O6, MW=176) in ESI+
ionization.
It is known that glucuronidation occurs at the hydroxyl group of
compounds. Since androstenone does not have a hydroxyl group,
we suggested that androstenone was hydroxylated by a specific
enzyme at the 3-keto group first, and then was subjected to
glucuronidation. To check this hypothesis, b-glucuronidase was
added to the cell culture medium. Presence of hydroxylated
androstenone with the m/z+=257.2257 was determined in the
medium after incubation with b-glucuronidase using LC-TOF-MS
(Figure 1E). Comparing the samples with authentic standards of
5a-androst-16-en-3a-ol (3a-A) and 5a-androst-16-en-3b-ol (3b-A)
allowed to establish the presence of hydroxylated androstenone in
the medium after incubation with b-glucuronidase. Therefore, this
hydroxylated androstenone was defined as 3b-A (Figure 1F).
These experiments confirmed that androstenone was hydroxylated
to 3b-A prior to glucuronidation reaction.
The inhibitory study demonstrated that incubation of the
primary isolated hepatocytes in the presence of 10 mM of
trilostane, the specific inhibitor of 3bHSD, resulted in 70%
decrease in the formation of androstenone metabolite in the cell
culture medium. Incubation of hepatocytes with 10 mM of
apigenin, the specific inhibitor of 17bHSD, did not affect
significantly the level of androstenone metabolite (Table 2).
17b-Estradiol metabolism
Abundance of 17b-estradiol precursor ion (m/z2=271.2106)
in the medium before cell culturing is shown in Figure 2A. 17b-
Estradiol was completely metabolized by pig hepatocytes after 6 h
of incubation in the medium (Figure 2B). Investigation of 17b-
estradiol metabolites by LC-TOF-MS established the presence of
two compounds with m/z2 445.2190 and 447.2298, which
correspond to molecular ions of glucuronide-conjugated estrone
(E1-G) (Figure 2C) and glucuronide-conjugated estradiol (E2-G)
(Figure 2D) respectively. The ratio of E1-G to E2-G was 5:1.
When the cell culture medium was hydrolyzed by b-glucuronidase,
both estrone and 17b-estradiol were detected. The ratio estrone:
17b-estradiol was similar to the ratio E1-G: E2-G. Using b-
estradiol-39-glucuronide and b-estradiol-179-glucuronide authentic
standards, this study established that glucuronidation of E2-G
occurred at 39-hydroxyl group (Figure 2E).
There was no significant inhibition of E2-G and E1-G
formation in the presence of trilostane and apigenin (Table 2).
Dihydrotestosterone metabolism
Abundance of dihydrotestosterone precursor ion (m/z+
=291.2352) in the medium before cell culturing is presented in
Figure 3A. Similarly to 17b-estradiol, dihydrotestosterone was also
rapidly metabolized by pig hepatocytes after 6 h of incubation
(Figure 3B). LC-TOF-MS analysis identified a metabolite with m/
z2=465.2554 (RT=4.82 min) in ESI– mode (Figure 3C).
Molecular formula calculation allowed to establish that this
compound matches glucuronide-conjugated dihydrotestosterone
(DHT-G). Since dihydrotestosterone contains only one 17b-
Table 1. Cytotoxicity of steroids and HSD inhibitors in isolated pig hepatocytes.
Concentration (mM) Androstenone 17b-Estradiol Dihydrotestosterone Trilostane Apigenin
1 90.663.8 109.264.8 96.760.1 91.860.1 97.763.2
10 89.067.2 91.660.4 84.363.9 82.462.1 83.565.9
25 77.260.6 89.868.0 79.162.2 79.162.9 64.261.7
50 78.766.8 83.661.6 76.164.7 69.261.8 69.860.9
Cells (<56106 cells/plate) were incubated in the presence of different concentrations of steroids and inhibitors (0, 1, 10, 25 and 50 mM) for 48 h. Cell viability was
evaluated by analyzing the luminescence intensity (RLU) normalized to mean value of cells without treatment. Data presented as Mean 6 SD. Effects of steroids and
inhibitors at different concentrations vs. cell viability were evaluated by one-way anova. Cell viability did not differ significantly (p.0.05) in the presence of steroids and
inhibitors at any of the concentrations studied. The experiments were conducted in three independent batches, with triplicate repeats for each experiment.
doi:10.1371/journal.pone.0113194.t001
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hydroxyl group, the metabolite was defined as 5a-dihydrotestos-
terone-17b-glucuronide. Experiments with hydrolysis of the cell
culture medium by b-glucuronidase provided further confirmation
of presence of glucuronide structure.
Enzyme inhibition study showed that trilostane reduces DHT-G
formation in the hepatocytes by almost 86% (Table 2). Incubation
with apigenin did not have any effect on DHT-G level.
Discussion
The level of steroid hormones in pigs influences animal growth
rate and fat accumulation, which has impact on economics of pig
production [14]. Moreover, an excessive accumulation of
androstenone in pig adipose tissue contributes to an unpleasant
odour of meat from some entire male pigs which makes the meat
unsuitable for human consumption [5]. Therefore, developing
strategies for controlling androstenone level in pork is one of the
key challenges of pig industry. Accumulation of androstenone in
pig adipose tissue can be due to a high rate of androstenone
biosynthesis and/or low rate of androstenone metabolism.
Therefore, understanding the pathways controlling metabolism
of androstenone in pigs is important for improving meat quality.
In addition to androstenone, the other two steroids, 17b-estradiol
Figure 1. Ion chromatograms and mass spectra (inset) of androstenone and its metabolites. (A) androstenone in the medium in absence
of isolated hepatocytes; (B) androstenone in the medium in the presence of isolated hepatocytes. No androstenone was found after 24 h of cell
culture; (C) identified androstenone metabolite (m/z+=257.2245). The samples were analyzed in ESI+ ionization mode; (D) identified androstenone
metabolite 5a-androst-16-en-3b-glucuronide (m/z2= 449.2424) in ESI– ionization mode; (E) identified androstenone metabolite 5a-androst-16-en-
3b-ol after enzyme hydrolysis by b-glucuronidase; (F) a mixture of authentic standards 5a-androst-16-en-3a-ol (3a-A) and 5a-androst-16-en-3b-ol (3b-
A).
doi:10.1371/journal.pone.0113194.g001
Table 2. Peak heights (cps) of the ion chromatograms of steroids metabolites in cell culture medium.
Metabolites C Apigenin Trilostane
Androstenone glucuronide 3.460.5 3.760.9 1.060.6**
Estrone glucuronide 16.562.2 15.361.1 13.561.7
Estradiol 3b-glucuronide 3.160.8 2.660.1 2.760.4
Dihydrotestosterone 17b-glucuronide 11.861.1 11.560.5 1.660.2**
Data are presented as Mean 6 SD. (**) presents statistical significance of differences between groups at p,0.01. The peak height values are presented after division by
1000 (cps/1000).
C = steroid metabolites analyzed after 48 h incubation of cell culture in absence of enzyme inhibitors. Apigenin = steroid metabolites analyzed after 48 h of cell culture
in the presence of apigenin, the specific inhibitor of 17bHSD. Trilostane = steroid metabolites analyzed after 48 h of incubation of cell culture in the presence of
trilostane, the specific inhibitor of 3bHSD. The cell density was approx. 56106 cells/plate. The experiments were conducted in three independent batches with triplicate
repeats for each experiment.
doi:10.1371/journal.pone.0113194.t002
3ßHSD Catalyzation in Porcine Hepatic Steroids Metabolism
PLOS ONE | www.plosone.org 4 January 2015 | Volume 10 | Issue 1 | e113194
and dihydrotestosterone can have an impact on pig physiology
[15,16]. It has been recently reported that 17b-estradiol and
dihydrotestosterone can alter porcine nuclear receptor expression
and thus modulate activity of enzymes involved in steroid
metabolism including enzymes controlling androstenone metabo-
lism [17].
The present study used LC-TOF-MS to investigate metabolism
of androstenone, 17b-estradiol, and dihydrotestosterone in isolated
pig hepatocytes as an in vitro model. The results showed that
androstenone formed a 3b-androstenol structure during the phase
I metabolism (reduction). The inhibition study with trilostane and
apigenin as specific inhibitors of 3bHSD and 17bHSD respec-
tively, showed that 3bHSD but not 17bHSD is the key enzyme
catalyzing the first stage of the hepatic androstenone metabolism.
This finding is consistent with previous reports that b-androstenol
is the main product of pig hepatic androstenone metabolisms, and
that the process of conversion of androstenone to b-androstenol is
catalyzed by 3bHSD [8,18]. Our study also investigated the
second stage of androstenone metabolism (conjugation) and
established the formation of glucuronidated androstenone struc-
ture. Previous reports suggested the existence of glucuronidated
androstenone form on the basis of observation that 3a- and 3b-
androstenol glucuronide are present in pig urinary system [1], and
the formation of conjugates may facilitate the metabolic clearance
of the steroids [19]. The present study provided direct evidence of
existence of androstenone glucuronide structure in experiments on
isolated pig hepatocytes.
Data of the literature on the other main steroid hormone,
testosterone report 4-androstene-3,17-dione as the main product
of the stage I of the hepatic testosterone metabolism [13].
However, the phase II of the porcine hepatic testosterone
metabolism has not been fully investigated, and the formation of
conjugated testosterone metabolite cannot be excluded. Some
research group observed the formation of androstenone sulfocon-
jugate in primary cultured porcine hepatocytes. These data were
obtained using an analytical approach for sample hydroxylation
and GC-MS derivatization [20]. In the present study, formation of
sulfoconjugated androstenone was not observed. One explanation
for this discrepancy might be tissue-specific formation of different
androstenone conjugates. Sulfoconjugated androstenone (but not
16-androstene glucuronide conjugates) was reported to be present
in pig plasma and testis [19]. Another reason for discrepancy
between results of this paper and data of the literature might be
the fact that in vitro cell culture systems have a lower concentra-
tion of sulfate when compared to in vivo conditions, which does
not facilitate sulfo-conjugation. Sinclair et al. (2005) suggested that
glucuronidation of 16-androstene steroids is the main route of
their metabolic clearance [19]. This hypothesis is supported by
finding of this paper that androstenone glucuronide is a
predominant hepatic conjugate which carry out the main
clearance functions in pigs. Our finding is in a line with other
papers which reported the presence of androstenone glucuronide
in urine [1]. To summarize, the present paper suggests that
androstenone metabolic pathway includes (i) transformation of
Figure 2. Ion chromatograms and mass spectra (inset) of 17b-
estradiol and its metabolites. (A) 17b-estradiol in the medium in
absence of isolated hepatocytes; (B) 17b-estradiol in the medium in the
presence of isolated hepatocytes. No 17b-estradiol was found after 6 h
of cell culture; (C) identified 17b-estradiol metabolite estrone-3-
glucuronide (m/z2= 445.2190). The samples were analyzed in ESI–
ionization mode; (D) identified 17b-estradiol metabolite b-estradiol-3-
glucuronide (m/z2= 447.2298) in ESI– ionization mode; (E) a mixture of
authentic standards b-estradiol-17-glucuronide and b-estradiol-3-glu-
curonide.
doi:10.1371/journal.pone.0113194.g002
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androstenone to 3-hydroxyl structure by 3bHSD enzyme; (ii)
sulfoconjugation of androstenone, which might be important for
storage of androstenone in testis, and (iii) metabolism of
androstenone 3-hydroxyl structure to glucuronide conjugate in
the liver. The glucuronide conjugated androstenone can be
excreted with urine.
Although enzymes of HSD family are highly expressed in pig
liver [8,21], the physiological role of pig hepatic HSD has not been
fully understood. The present study investigated the role of the two
HSD enzymes, 3bHSD and 17bHSD, in metabolism of two
steroids, 17b-estradiol and dihydrotestosterone in isolated pig
hepatocytes. It was found that over 80% of 17b-estradiol was
oxidized at C-17 position to form estrone, with follow-on
glucuronidation at 39-hydroxyl group and formation E1-G. Less
than 20% of 17b-estradiol underwent direct phase II metabolism
and formed E2-G. The observation that E1-G is the main
Figure 3. Ion chromatograms and mass spectra (inset) of dihydrotestosterone and its metabolite. (A) dihydrotestosterone in the
medium in absence of isolated hepatocytes; (B) dihydrotestosterone in the medium in the presence of isolated hepatocytes. No dihydrotestosterone
was found after 6 h of cell culture; (C) identified dihydrotestosterone metabolite dihydrotestosterone-17-glucuronide (m/z2=465.2554). The
samples were analyzed in ESI– ionization mode.
doi:10.1371/journal.pone.0113194.g003
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metabolite in 17b-estradiol metabolism is somewhat surprising,
since the reduction of keto-steroid is the main reaction in the
hepatic tissue [22]. The enzyme inhibition experiments undertak-
en in the present study showed that 3bHSD and 17bHSD are not
involved in 17b-estradiol metabolism. Regarding the second stage
of 17b-estradiol metabolism, the present study demonstrated that
glucuronidation of 17b-estradiol occurred at 3-hydroxyl but not at
17-hydroxyl group. A mechanism of this stereo selection remains
unknown. It has been reported that glucuronidation of steroids is
catalyzed by UDP-glucuronosyltransferase (UGT) [23]. The stereo
selection depends on UGT enzyme sub-type and it is tissue-
specific. It was previously reported that sulfoconjugated estrone
(E1S) was the main metabolite and a storage form of estrogens in
pigs [19]. The present study did not detect E1S in the in vitro cell
culture system. This suggest that sulfation of estradiol may occur in
other organs, such as testis, which is known as the main organ of
steroids genesis [19].
Dihydrotestosterone is one of the most active androgens in the
endocrine system of various species [24]. This study reported the
formation of glucuronide conjugated dihydrotestosterone in
primary cultured pig hepatocytes. Formation of DHT-G was
greatly inhibited by trilostane, the specific 3bHSD inhibitor,
whereas apigenin, the inhibitor of 17bHSD, did not have any
effect on the DHT-G formation. It was previously reported that
dihydrotestosterone can be metabolized to 5a-androstane-3a,17b-
diol (3a-Diol) and 5a-androstane-3b,17b-diol (3b-Diol) in a
purified enzyme system [22]. These metabolites were not found
in the present study. One explanation for discrepancy between
data of the literature and this study might be the use of different
experimental systems: the processes taking place in purified
enzyme systems might be different to the processes taking place
in primary cultured hepatocytes. Another possible explanation for
this discrepancy might be a sequential metabolic pathway of
dihydrotestosterone. For example, 3a-Diol and 3b-Diol metabo-
lites may undergo further glucuronidation and sulfation as
reported by Stephan et al. (2004) [22]. It has also been reported
that DHT-G can be further metabolized at 3 keto-group to form
3a-androstanediol-17-glucuronide [25]. Considering that DHT-G
only accounts for 1/6 of total dihydrotestosterone, formation of
other dihydrotestosterone metabolites cannot be excluded. Lack of
clarify regarding dihydrotestosterone metabolism suggests its
multiple and complex metabolic pathway.
Conclusions
This study employed an effective time of flight mass spectrom-
etry approach to investigate metabolism of steroids androstenone,
17b-estradiol and dihydrotestosterone in isolated pig hepatocytes
as a model system. The study provided novel data on pig hepatic
steroid metabolism. In particular, this is the first report which
directly confirms the formation of glucuronide-conjugated andros-
tenone and involvement of 3bHSD in this process. The study also
reported involvement of dehydrogenase enzymes in regulation of
17b-estradiol and dihydrotestosterone metabolism in pig hepato-
cytes.
Author Contributions
Conceived and designed the experiments: GC LR MF. Performed the
experiments: GC YB DZ YL. Contributed to the writing of the manuscript:
GC MF HA OD.
References
1. Gower DB (1972) 16-Unsaturated C 19 steroids. A review of their chemistry,
biochemistry and possible physiological role. J Steroid Biochem 3: 45–103.
2. Yokoyama MT, Carlson JR (1979) Microbial metabolites of tryptophan in the
intestinal tract with special reference to skatole. Am J Clin Nutr 32: 173–178.
3. Robic A, Faraut T, Prunier A (2014) Pathways and genes involved in steroid
hormone metabolism in male pigs: A review and update. J Steroid Biochem 140:
44–55.
4. Brooks RI, Pearson AM (1986) Steroid hormone pathways in the pig, with
special emphasis on boar odor: a review. J Anim Sci 62: 632–645.
5. Patterson RLS (1968) 5a-androst-16-ene-3-one:–Compound responsible for
taint in boar fat. J Sci Food Agric 19: 31–38.
6. Zamaratskaia G, Squires EJ (2009) Biochemical, nutritional and genetic effects
on boar taint in entire male pigs. Animal 3: 1508–1521.
7. Hansen LL, Mejer H, Thamsborg SM, Byrne DV, Roepstorff A, et al. (2007)
Influence of chicory roots (Cichorium intybus L) on boar taint in entire male and
female pigs. Anim Sci 82: 359–368.
8. Doran E, Whittington FM, Wood JD, McGivan JD (2004) Characterisation of
androstenone metabolism in pig liver microsomes. Chem-Biol Interact 147:
141–149.
9. Payne AH, Hales DB (2004) Overview of steroidogenic enzymes in the pathway
from cholesterol to active steroid hormones. Endocr Rev 25: 947–970.
10. Penning TM, Lee SH, Jin Y, Gutierrez A, Blair IA (2010) Liquid
chromatography-mass spectrometry (LC-MS) of steroid hormone metabolites
and its applications. J Steroid Biochem 121: 546–555.
11. Mareck U, Geyer H, Opfermann G, Thevis M, Schanzer W (2008) Factors
influencing the steroid profile in doping control analysis. J Mass Spectrom 43:
877–891.
12. De Brabander HF, Le Bizec B, Pinel G, Antignac JP, Verheyden K, et al. (2007)
Past, present and future of mass spectrometry in the analysis of residues of
banned substances in meat-producing animals. J Mass Spectrom 42: 983–998.
13. Chen G, Li S, Dong X, Bai Y, Chen A, et al. (2012) Investigation of testosterone,
androstenone, and estradiol metabolism in HepG2 cells and primary culture pig
hepatocytes and their effects on 17betaHSD7 gene expression. PloS One 7;
e52255.
14. Lundstrom K, Matthews KR, Haugen JE (2009) Pig meat quality from entire
males. Animal 3: 1497–1507.
15. Gray MA, Peacock JN, Squires EJ (2009) Characterization of the porcine
constitutive androstane receptor (CAR) and its splice variants. Xenobiotica 39:
915–930.
16. Gray MA, Pollock CB, Schook LB, Squires EJ (2010) Characterization of
porcine pregnane X receptor, farnesoid X receptor and their splice variants. Exp
Biol Med 235: 718–736.
17. Gray MA, Squires EJ (2013) Effects of nuclear receptor transactivation on boar
taint metabolism and gene expression in porcine hepatocytes. J Steroid Biochem
133: 110–119.
18. Nicolau-Solano SI, McGivan JD, Whittington FM, Nieuwhof GJ, Wood JD, et
al. (2006) Relationship between the expression of hepatic but not testicular
3beta-hydroxysteroid dehydrogenase with androstenone deposition in pig
adipose tissue. J Anim Sci 84: 2809–2817.
19. Sinclair PA, Squires EJ, Raeside JI, Renaud R (2005) Synthesis of free and
sulphoconjugated 16-androstene steroids by the Leydig cells of the mature
domestic boar. J Steroid Biochem 96: 217–228.
20. Sinclair PA, Hancock S, Gilmore WJ, Squires EJ (2005) Metabolism of the 16-
androstene steroids in primary cultured porcine hepatocytes. J Steroid Biochem
96: 79–87.
21. Chen G, Bourneuf E, Marklund S, Zamaratskaia G, Madej A, et al. (2007) Gene
expression of 3beta-hydroxysteroid dehydrogenase and 17beta-hydroxysteroid
dehydrogenase in relation to androstenone, testosterone, and estrone sulphate in
gonadally intact male and castrated pigs. J Anim Sci 85: 2457–2463.
22. Steckelbroeck S, Jin Y, Gopishetty S, Oyesanmi B, Penning TM (2004) Human
cytosolic 3alpha-hydroxysteroid dehydrogenases of the aldo-keto reductase
superfamily display significant 3beta-hydroxysteroid dehydrogenase activity:
implications for steroid hormone metabolism and action. J Biol Chem 279:
10784–10795.
23. Zhou J, Tracy TS, Remmel RP (2010) Glucuronidation of Dihydrotestosterone
and trans-Androsterone by Recombinant UDP-Glucuronosyltransferase (UGT)
1A4: Evidence for Multiple UGT1A4 Aglycone Binding Sites. Drug Metab
Dispos 38: 431–440.
24. Luu-The V (2013) Assessment of steroidogenesis and steroidogenic enzyme
functions. J Steroid Biochem 137: 176–182.
25. Jin Y, Duan L, Lee SH, Kloosterboer HJ, Blair IA, et al. (2009) Human cytosolic
hydroxysteroid dehydrogenases of the aldo-ketoreductase superfamily catalyze
reduction of conjugated steroids: implications for phase I and phase II steroid
hormone metabolism. J Biol Chem 284: 10013–10022.
3ßHSD Catalyzation in Porcine Hepatic Steroids Metabolism
PLOS ONE | www.plosone.org 7 January 2015 | Volume 10 | Issue 1 | e113194
